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Abstract: In autonomous driving scenarios, the point cloud generated by LIDAR is usually considered
as an accurate but sparse representation. In order to enrich the LiDAR point cloud, this paper proposes
a new technique that combines spatial adjacent frames and temporal adjacent frames. To eliminate
the “ghost” artifacts caused by moving objects, a moving point identification algorithm is introduced
that employs the comparison between range images. Experiments are performed on the publicly
available Semantic KITTI dataset. Experimental results show that the proposed method outperforms
most of the previous approaches. Compared with these previous works, the proposed method is the
only method that can run in real-time for online usage.

Keywords: LiDAR data enrichment; moving points identification; multi-frame fusion

1. Introduction

LiDAR (Light Detection and Ranging) is one of the most prominent sensors used in
self-driving vehicles (SDV). A typical commercial LIDAR can measure objects hundreds
of meters away with centimeter-level accuracy. Although the ranging accuracy is high,
the LiDAR data is usually sparse.

To increase the LiDAR data density, a hardware-based method or a software-based
method can be used. From the hardware perspective, one could either add more pairs
of LiDAR transmitters and receivers [1], design new scanning patterns [2], or invent new
types of LiDARs [3]. From the software perspective, some recent work started to use
machine learning techniques to upsample LiDAR data. These technologies are known
under the name of depth completion [4-6] or LiDAR super resolution [7,8]. However, since
the information contained in a single LiDAR frame is very limited, these techniques tend to
oversmooth the LiDAR data and encounter difficulties in predicting the depth of irregular
objects, such as trees or bushes [7].

In this paper, instead of trying to densify the LIDAR point cloud from a single frame,
we adopt a multi-frame fusion strategy. We treat each LiDAR scan as a local snapshot of
the environment. By fusing LiDAR scans observed at different locations and at different
timestamps, a denser representation of the environment can be obtained. This multi-frame
fusion strategy is a natural idea, but it is rarely used in the literature. The reason is simply
because of the influence of those moving objects typical to city scene scanning. It is well
known that moving objects will leave “ghost” tracks [9-11] in the fused map. How to
efficiently detect those moving objects and clear the “ghost” tracks is the main focus of
this paper.

Taking inspirations from the “keyframe” concept [12] used in the SLAM (Simultaneous
Localization And Mapping) literature, we firstly categorize the commonly used “multi-
frame” concept into spatial multiple frames and temporal multiple frames, and define the
concept of SAF (Spatial Adjacent Frames) and TAF (Temporal Adjacent Frames). We then
show that both SAF and TAF are beneficial for moving objects identification, but only SAF
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are essential for LIDAR data enrichment. The proposed method therefore consists of the
following two modules: Firstly, each LiDAR frame is compared with its SAF and TAF set
for moving point identification. These identified moving points are then removed from the
current frame. Secondly, each frame in the SAF set is compared with the current frame for
static point identification. The identified static points are then utilized to enrich the current
LiDAR frame.

An illustrative example is shown in Figure 1. The current observed frame that contains
28,894 non-ground points is shown in Figure 1a. By assembling the current frame with its
SAF, a much denser representation containing 310,756 points can be obtained, as shown
in Figure 1b. However, moving objects will leave “ghost” tracks in the assembled frame.
These “ghost” trajectories are also highlighted in Figure 1c. By using the LIDAR enrichment
technique proposed in this paper, these “ghost” tracks are successfully removed, while
the static part of the environment is safely enriched. The enriched LiDAR frame contains
232,261 points, which is much denser than the original observed frame.

(a) Current Frame

(c) Moving Points Highlighted ‘ (d) Enriched Frame

Figure 1. The current LiDAR frame (shown in (a)) only contains 28,894 non-ground points that
are considered sparse. By assembling consecutive frames together, a denser representation can be
obtained, as shown in (b). However, moving objects (highlighted as red points in (c)) leave “ghost”
tracks in the assembled frame. Using the method proposed in this paper, these “ghost” tracks are
successfully removed while the static environment is safely enriched, as shown in (d). The method
proposed in [13] is utilized for ground /non-ground classification. The estimated ground surface is

shown as gray points, while non-ground points are colored by height.

This paper is structured as follows: Some related works are described in Section 2,
with particular focus on LiDAR super-resolution and moving object identification. The pro-
posed method is described in detail in Section 3, and the experimental results are given in
Section 4. Section 5 summarizes this paper.

2. Related Works

This paper is closely related to two research areas: LIDAR super-resolution and the
removal of moving objects.
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2.1. Related Works on LiDAR Super-Resolution

Depth image super-resolution [14] has been studied for decades. It has become more
popular recently with the advancement of deep learning technology and the emergence of
publicly available datasets [4]. Existing methods can be roughly divided into two categories:
image-guided methods and non-guided methods.

For image-guided methods, the high-resolution images are used prior to LiDAR
upsampling. In order to utilize the image information, most existing methods adopt
learning-based strategies [6,15], i.e., learning deep neural networks to capture the internal
relationship between the two sensing modalities. In addition to these learning-based
methods, there are also some non-learning approaches: In [5], the author first projects the
LiDAR into a spherical view, also called a range image view, and then uses traditional
image processing techniques to upsample the range image. Based on the range image,
the normal vector can be calculated efficiently [16], and the normal information is utilized
in [17] to enhance the depth completion performance. Experiments on the KITTI dataset
show that this non-learning method can achieve performance comparable to those learning-
based approaches.

However, just as explained in [4], the image quality might severely deteriorate in bad
weather conditions or night scenes. In these cases, the image guidance information may
even worsen the upsampling results. In contrast to the image-guided method, the non-
guided approach attempts to directly predict the high-resolution LiDAR point cloud from
the low-resolution input. Without additional guidance information, these non-guided
approaches are mostly learning-based methods. In [7], the author learned a LiDAR super-
resolution network purely based on simulated data. In [8], the author first studied the
feasibility of using only LiDAR input for LIDAR data enrichment from the perspective of
depth image compression, and then designed a neural network to perform LiDAR super-
resolution. Although these non-guided methods can obtain reasonable super-resolution
results, the LIDAR super-resolution is in itself an ill-posed problem. Since the information
contained in a single LiDAR frame is very limited, the LIDAR super-resolution network
will either oversmooth the LiDAR data or produce artifacts in the object details without
additional information guidance.

The method proposed in this paper is also a non-guided approach. Compared with the
previous work of upsampling LiDAR point clouds using learning techniques, we chose to
use a multi-frame fusion strategy. Since the enriched data also comes from real observation
data, there is no over-smoothing effect or artifacts in object details.

2.2. Related Works on Moving Objects Identification

One side effect of using the multi-frame fusion strategy is that moving objects will
produce “ghost” tracks in the fused map. The automatic removal of these “ghost” tracks
has drawn increasing attention recently.

Taking inspiration from the occupancy mapping literature, the author in [10] proposes
to use log-odds update rule and voxel traversal algorithm (also known as ray tracing
algorithm) to remove moving objects. The results from the vehicle detection algorithm
are also utilized to speed up the construction of occupancy maps. Instead of using the
Cartesian grid map as in [10], the author in [11] proposes using a polar coordinate grid
map. In [9], the author proposed a method called Removert, which uses multi-resolution
range images to remove moving objects. By utilizing the range image, the computationally
expensive voxel traversal steps can be avoided. This kind of approach is also known as the
visibility-based approach [11].

All of the above methods are designed as a post-rejection step, which is performed
after the map has been generated. Therefore, these methods are only applicable for offline
usage. For online usage, Yoon et al. [18] proposes a geometric heuristic-based method
that compares current scans with historical scans for moving object identification. Re-
cently, Chen et al. [19] used the semantic labels in SemanticKITTI dataset [20] to learn a
semantic segmentation network to predict the moving/non-moving state of each LIDAR
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point. Although semantic labels can help improve the classification performance of known
categories, their performance will be degraded when faced with unknown object categories.

In this paper, we believe that the property of moving/non-moving is a low-level
concept that can be inferred in a bottom-up manner. We, therefore, propose a learning-free
and model-free method. The method can also be run in real-time for online usage.

3. Methodology
3.1. Spatial Adjacent Frames and Temporal Adjacent Frames

The multi-frame fusion strategy is widely used in the field of moving object detection
and tracking [19,21], where the term “multi-frame” usually refers to temporal adjacent
frames. A similar concept also exists in the SLAM literature [12,22], where the term “multi-
frame” usually refers to multiple keyframes. Keyframes are spatial, but not necessarily
temporal adjacent frames. The concepts of temporal adjacent frames (TAF) and spatial
adjacent frames (SAF) are illustrated in Figure 2.

Spatially Adjacent Frames Temporally Adjacent Frames |

Current
Frame

(e ,
- \
Vehicle Trajectory o M /

Figure 2. For the current frame F;, its temporal adjacent frames {F;_1, F;_, ..., F;_j } is defined as the

collection of frames that are temporal close to the current frame. Its spatial adjacent frame is defined
as the frames that is spatially close to the current frame, and the distance between any two frames is
greater than a distance threshold 7, i.e., {F;_4,, Fi_t,, ..., Fi_y |dist(Fi_y,, Fi_y,) > T}.

In this paper, we believe that both TAF and SAF are essential for moving objects
identification, and only SAF is useful for LIDAR data enrichment. The later statement
is easy to prove: consider a stationary LiDAR, because it is not moving, the strategy of
combining multiple temporally adjacent frames will not add more valuable information to
the current observation. Therefore, only SAF is useful for LIDAR data enrichment. To prove
the first statement, please refer to Figure 3 for an illustrative example. In Figure 3, a SDV
(Self-Driving Vehicle) equipped with a LiDAR is represented as a red vehicle. It observes
an oncoming truck at time step t = 0. When the red light was on at time t = 1, both cars
stopped at an intersection. The two cars continue to wait for the green light until the time
t = 50. The wait may continue, depending on how long the red light is still on. For the
SDV, if it wants to classify the oncoming truck as a moving object, then it has to compare
the currently observed scan with the scan captured at t = 0. It suggests that the size of the
TAF set should be larger than 50, which might be too large for practical usage. In contrast,
if not only the TAF, but also the SAF is utilized, then a much smaller memory requirement
is needed.



Remote Sens. 2021, 13, 3640

50f 14

—
1l
o
~
1l
[N
~

=50

] | P

(]

Figure 3. An illustrative example showing a SDV (red car) equipped with LiDAR observing an

0

oncoming truck at time t = 0. The two cars stopped at an intersection and wait for the green light
fromt =1tot = >50.

3.2. Moving Point Identification Based on Range Image Comparison

By comparing the current scan with its SAF and TAF, moving points can be identified.
Similar to the work proposed in [9,18,23,24], we choose to use visibility-based method [11]
for moving point identification. Compared with the voxel grid-based approach [25],
the visibility-based method avoids the computationally expensive ray tracing operator,
and by directly processing the point cloud, it also avoids the quantization error caused by
the construction of the grid map.

For each LiDAR frame F;, its corresponding range image R; is firstly calculated using
the approach of PBEA (Projection By Elevation Angle) proposed in [1]. To minimize the
quantization error, the width and height of the range image are set to relatively large values.

For a point “p; in the current frame F, it is firstly transformed to the local coordinate
system of any of its SAF or TAF by:

Api=Tra .+ i, 1)

where Tr 4 . represents the relative transformation between current frame c and its adjacent
frame A. 4p; is then projected to the range image coordinate [u;, v;], where u; and v; are the
column and row indexes of the range image respectively. The norm of “p; is then compared
with the value stored in the range image R 4. The range difference d; is then calculated as:

d; = ||pill = Ra (v, u;), 2)

where Ry (v;, u;) represents the range value stored at [u;, v;] in the range image R4.
The value of d; is a strong indicator for moving point identification, and is widely used
in the previous works [18,23]. In this paper, we make two modifications to this method:
Firstly, in practice, the relative transformation Tr4 . between two frames may contain
errors. In addition, the range image representation also contains quantization errors [1].
Taking these errors into account, 4p; should be compared not only with R 4 (v;, 1;), but also
with a small area around [u;, v;] in the range image. Therefore, Equation (2) is modified to:

D; = {dy} = {|I"pil| — Ra(vi + &, u; + o), k € {0,1,..., 12} }, 3)

where {6} = {0,0,1,0,—1,-1,0,1,2,1,0,—1, -2}, {o3} = {0,1,0,—1,0,1,2,1,0,—1, -2,
—1,0}. The values of &y and oy represent the traversal order as shown in Figure 4a.
The values of “p; and R 4 (v; + &, u; + 0}) are also shown in Figure 4b.
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Figure 4. Due to relative pose error and the range image quantization error, the current observed
point 4p; should not merely be compared with R 4 (v;, 1;), but also a small area around [1;, v;] in the
range image. Subfigure (a) shows the comparing order between the current observed point and the
small area in the reference frame, while subfigure (b) shows an illustrative example.

Secondly, in previous work, only the absolute value of d; was used as the moving
indicator. In this paper, we argue that not only the absolute value, but also the sign of d;,
contain valuable information for moving point identification. Based on the set of D;, five
possible cases might occur:

e Case 1: There exist some dj in D; satisfying |d;| < thresh, where thresh is a positive
value.

e (Case2: All dj, are less than —thresh.

e Case 3: All dj, are greater than thresh.

e Case 4: Some dj are greater than thresh, whilst others are less than —thresh.

*  Case 5: None of the values in dj, are valid. This is caused by the blank area in the
range image, which may be caused by the absorption of target objects, or an ignored
uncertain range measurement [24].

Among these five cases, Case 1 suggests that the query point %p; is probably static,
because a close-by point can be found in previous adjacent frames. Case 2 suggests
that “p; appears at a closer range than previously observed. This is a strong indicator
for moving objects. Case 3 suggests that “; appears at a further range than previous
observations. For this case, there are two possible explanations, as illustrated in Figure 5.
In this illustrative example, consider a SDV (shown as the red car) observes an object at
location A at time t = 0, and observes another object at location B at time ¢ = 1. For position
B, it is located in the occluded area at time ¢t = 0 and becomes observable at time t = 1.
Therefore, it should be classified into Case 3. However, it cannot be judged whether object
B is a moving object that moves from A (illustrated as Scenario 1 in Figure 5), or it is a static
object that already exists at time ¢ = 0 (illustrated as Scenario 2 in Figure 5). Therefore,
Case 3 is ambiguous for moving object identification.

For Case 4, it suggests that the current observed point can be interpolated from the
previous observations. If we fit a local plane or calculate the point normal, then the point-
to-plane distance [18] may be zero. Therefore, Case 4 is also not a good indicator for
moving objects. In Case 5, the current observed point cannot find any correspondence
in the previous observations. There is no motion evidence for this point, and the point
remains as it is in the LiDAR enrichment procedure.
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Figure 5. Two possible explanations for Case 3. In Scenario 1, the object in front of the SDV (shown as
the red car) is indeed a moving object that moves from A (t = 0) to B (t = 1). In Scenario 2, the object
ahead moves from A (f = 0) to C (t = 1), and the object at location B is a stationary object.

From the above analysis, we show that only Case 2 is a strong motion indicator.
In practice, the current scan is separately compared with each frame in the SAF and TAF.
Each comparison will classify the current point into one of the five cases. We then simply
count the number of times that a point is classified into Case 2. If the count value is greater
than a threshold, then this point is considered as a moving point. The moving points are
then removed from the current scan for future frame enrichment.

3.3. LiDAR Data Enrichment Based on Spatial Adjacent Frames

To enrich the current scan, just as mentioned in Section 3.1, only frames in the SAF set
are utilized. Note that for each frame in the SAF set, it has already gone through the moving
point identification and exclusion procedure described in the previous subsection. All the
remaining points in the SAF set are then transformed into the current frame coordinate,
and compared with the current frame. Points that are classified as Case 1 or Case 3 are
used to enrich the current frame. The reason for using the points belonging to Case 3 is
that these probably static points (not classified as Case 2) are located in the occluded area
of the current observation. Even if some of the points are misclassified, they have little
impact on SDV planning or driving behavior.

It should be emphasized that in the previous subsection, the current scan is trans-
formed into the previous frames’ coordinate for moving object identification, whilst in this
subsection, the previous scans (with moving objects excluded) are transformed into the
current frame coordinate to enrich the current scan. In these two scenarios, the functions of
the reference coordinate system and the target coordinate system are opposite. It is possible
that a point in the target frame is classified as Case 2 when compared with the reference
frame, whilst its corresponding point in the reference frame is classified as Case 3 when it
is compared with the target frame.

Bearing this in mind, when a new frame is added to the SAF set, it has already been
compared with these existing frames in the SAF set. However, the frames that already exist
in the SAF set have not yet been compared with this newly added frame. Therefore, these
existing frames should also be compared with this newly added frame to find more moving
points. These newly found moving points are also removed before their comparison to the
current scan for possible LIDAR data enrichment. The whole algorithm is summarized in
Algorithm 1.
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Algorithm 1 LiDAR data enrichment using SAF and TAF

1: Input: Sequential LiDAR scans {F,i € {1,2,..,k}} and their poses {Tr;i €

{1,2,...,k}} (Transformation matrix relative to the world coordinate);

2: Output: Augmented LiDAR scans {AF;,i € {1,2, ...k} };
5 Initialize TAF and SAF: TAF = {F,}, SAF = {F,)

4: fori=2k do
5. foreach point p;; € F; do
6 count =0
7: for each frame F; € {TAF USAF} do
8 Calculate the range image R; of F;.
9 Classify p;j into Case 1 to Case 5 by comparing it with R; using the approach
described in Section 3.2.
10: if p;; is classified as Case 2 then
11: count = count +1
12: end if
13: end for
14: if count > thresh then
15: move p;; to the MPS (Moving Point Set) of F;
16: end if
17:  end for
18:  for F; € SAF do
19: for each point pj; € F; do
20: if pjx € MPS of F; then
21: Classify pj into Case 1 to Case 5 by comparing it with F.
22: if pjx is classified into Case 1 or Case 3 then
23: AF;, <+ AF U Pik
24: end if
25: end if
26 end for
27:  end for
28:  Output AF,.
29:  Insert F; to TAF set, and throw away the earliest frame in TAF if it is full;
30:  Calculate the distance d between Tr; and the pose of the latest frame in SAFE.
31:  if d>thresh then
32: for Fj € SAF do
33: for each point pj € F; do
34: if Pik & MPS of F] then
35: Classify pj into Case 1 to Case 5 by comparing it with F;.
36: if pj is classified into Case 2 then
37: move pji to the MPS (Moving Point Set) of F;
38: end if
39: end if
40: end for
41: end for
42: Insert F; to SAF set. Throw away the earliest frame in SAF if it is full;
43:  end if
44: end for

4. Experimental Results
4.1. Experimental Setup

We perform experiments on Semantic KITTI dataset [20]. This dataset not only pro-

vides semantic labels for each LiDAR point, but also a more accurate LiDAR pose for
each LiDAR scan. These poses are obtained using the offline graph SLAM algorithm,
and are more accurate than the poses provided in the original KITTI dataset [26]. For the
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experiments below, we directly use these ground-truth poses to assemble adjacent LiDAR
frames together.

The main contribution of this paper is to enrich the LiDAR scan by fusing adjacent
frames while simultaneously removing the “ghost” track caused by moving objects. There-
fore, we first classify each point in the LiDAR frame as ground /non-ground. The ground
points are then removed, and the following experiments are purely performed on non-
ground points. Ground segmentation is generally considered to be an almost solved
problem [27], especially in urban structured environment, where the roads are mostly flat.
For ground segmentation, we use the method proposed in [13].

4.2. Experiments on Moving Point Identification

We first perform experiments on moving point identification. The reason why we
prefer to use the term “moving point” rather than “moving object” is to emphasize that
our method directly deals with LiDAR points, and we did not perform any object segmen-
tation [28] or region growing technique as used in [18].

For moving point identification, a qualitative example is shown in Figure 6. The cur-
rent frame is compared with each frame in the TAF set and SAF set respectively. Points that
are classified as Case 2 are considered as potential moving points. From all the comparisons,
the number of times that a point is classified as Case 2 is counted. If the count value is
greater than a threshold, this point is classified as a moving point, which are colored as red
in Figure 6.

Fused Results

Figure 6. The current frame is compared with each of the five frames in the TAF set and SAF set,
respectively. Points that are classified as Case 2 are considered as potential moving points. The 10
comparison results are then fused using a simple counting mechanism.

By carefully examining the results in this example, we can observe that all the five
results from the TAF set cannot classify the entire van as a moving object. In contrast, three
of the five results in the SAF comparison successfully classified most of the van as moving
points. This clearly shows that not only the TAF set, but also the SAF set are indispensable
for moving point identification. The reason that some points in the top middle part of the
van are not classified as dynamic is that these points correspond to the invalid areas in the
previous observations, which are probably caused by too far-away observations. Therefore,
these points are classified as belonging to Case 5.

Another example of moving point identification is shown in Figure 7, where the
current frame is compared with a reference frame stored in the SAF set. In this scenario,
two vehicles, A and B, are moving in the same direction with the SDV. Vehicle A is in
front of the SDV and B is behind. As shown in Figure 7, vehicle A is classified as Case 3,
and vehicle B is classified as Case 2. In our implementation, only points belonging to Case
2 are considered as moving points. Although vehicle A is not judged as a moving object, it
does not affect the data enrichment procedure. Since the previous observations of vehicle A
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are within the close range of the current observation, they are more likely to be classified as
Case 2. Recall that only points classified as Case 1 or Case 3 are used to enrich the current
scan, so failure to classify vehicle A will not affect the data enrichment step.

Reference Frame

Figure 7. The image on the left shows the superposition of the current frame and reference frame (a
frame in the SAF set). The image on the right shows the classification result obtained by comparing
the current frame with the reference frame. It can be seen that the moving vehicle A in front of the
SDV is classified as Case 3, and the vehicle B behind the SDV is classified as Case 2.

Using the free/occupancy/occlusion terminology in the occupancy grid mapping
literature [29], vehicle A actually corresponds to the change from occlusion to occupancy
(020) and vehicle B corresponds to the change from free to occupancy (F20). These two
situations are usually considered the same in the previous literature [18,19,30]. However,
in this work, we emphasized the difference between these two situations, denoted as Case
2 and Case 3 respectively, and believed that F20 is more reliable motion evidence than
020. If 020 is also considered as evidence of motion, then there will be too many false
positives, as illustrated in Figure 7 (Case 3, colored as green).

4.3. Experiments on LiDAR Data Enrichment

For each frame in the SAF set, its moving points are firstly removed. The remaining
points are then transformed to the current frame coordinate, and compared with the current
frame. Only points classified as Case 1 or Case 3 are used to enrich the current frame.
An illustrative example is shown in Figure 8.

To quantitatively evaluate the LIDAR enrichment performance, we perform exper-
iments on the whole SemanticKITTI sequence 07 dataset, which contains 1101 frames.
For performance evaluation, we used two recently proposed performance indicators [11]:
Preservation Rate (PR) and Rejection Rate (RR). Compared with the commonly used pre-
cision and recall rate, these two indicators are more sensitive to the removal of moving
objects, and are more suitable for static map construction tasks.

Compared to the offline static map building scenario in [11], the method proposed
in this paper is an online algorithm because we only use historical frames to enrich the
current frame. Therefore, the PR and RR could be calculated for each single frame.

We use the moving object label provided in Semantic KITTI to generate ground-truth.
For each frame, all the points labeled as static in its SAF set constitute the point set that
should be enriched to the current frame, and the points labeled as moving objects constitute
the point set that should be removed in the data enrichment procedure. Let S; and D,
represent the static point set and dynamic point set respectively.
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Enriched Points (Case 3)

o

(a) Current Frame

(c) Current Frame (colored by height) (d) Enriched Frame (colored by height)

Figure 8. The current observed points, the enriched points classified as Case 1 or Case 3 are colored
with red, blue, and green, respectively, in (a,b). For the four vehicles enclosed by the yellow
ellipse, they are difficult to identify in (c) due to the sparse observations from a single LIDAR frame.
In contrast, from the enriched frame shown in (d), these four vehicles are easily recognized.

The preservation rate (PR)) is then defined as the ratio of the number of preserved
static points to the number of points in S1. The rejection rate (RR) is defined as the ratio
between the number of rejected moving points and the number of points in D;.

The PR and RR of all the 1100 frames (except the first frame) in SemanticKITTI
Sequence 07 dataset are plotted in Figure 9. Two representative scenarios are shown in
Figure 10. In Figure 10 left, two moving vehicles are correctly identified, and their “ghost”
tracks are successfully removed, so the rejection rate is as high as 99.5%. For the scenario
shown in Figure 10 right, the vehicle circled by the yellow ellipse has been parked for a
period of time. Therefore, it is not correctly recognized as a moving object, and the rejection
rate reduces to 73.2%. Regarding the preservation rate, it is approximately the same for
both scenarios.

Preservatoin Rate [%)] Rejection Rate [%)]
100 ‘ ‘ 100
95
80
90 -
85+ 60
80+
L L 40 ' L
0 500 1000 0 500 1000
Frame Index Frame Index

Figure 9. The preservation rate and rejection rate calculated for each of the 1100 frames in Semantic
KITTI sequence 07 dataset.
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Num of Preserved Static Points:18758 Num of Preserved Static Points:18283
Preservation Rate: 86.1% Preservation Rate: 86.1%
Rejection Rate: 99.5% Rejection Rate: 73.2%
Num of Removed Dynamic Points:1364 F1 score: 0.92 Num of Removed Dynamic Points:1045 F1 score: 0.79

Figure 10. The two moving vehicles (outlined by the yellow ellipse) shown in the left figure have been
correctly identified as moving objects. Therefore, the rejection rate is as high as 99.5%. The vehicle
shown in the right figure has not been identified as moving object, hence results in a low rejection
rate of 73.2%.

The computational speed of our method is also evaluated on the SemanticKITTI
dataset. Except for the ground segmentation part, the average processing time of our entire
algorithm is about 44.97 milliseconds per frame, with a standard deviation of 6.38 millisec-
onds. Therefore, it meets the real-time requirements of SDV (less than 100 milliseconds).

We also compared the performance of the proposed method with several state-of-the-
art methods [9,25,31]. For these previous works, we directly use the results reported in [11].
In order to make a fair comparison with [11], we add the corresponding numbers (num of
preserved static/dynamic points, num of total static/dynamic points) between 630th frame
and 820th frame, and calculate the PR and RR based on the sum. The results are displayed
in Table 1. It is observed that our method outperforms most previous methods [9,25,31],
and performs on par with [11]. It should be emphasized that all these previous methods
are designed as batch mode for offline usage. In contrast, our method is the only method
that can run in real-time for online usage. This clearly distinguishes our approach from
previous work. The reason that PR is a bit low is that only the points classified as Case 1 or
Case 3 are preserved. The points belonging to Case 4 are removed. By carefully analyzing
the points belonging to Case 4, PR may be improved without affecting RR performance.
We leave this as future work.

Table 1. Comparison results with state-of-the-art approaches.

Method PR[%] RR[%] F; Score
OctoMap [25] 77.838 96.938 0.863
PeopleRemover [31] 34.772 91.983 0.505
Removert [9] 80.689 98.822 0.888
ERASOR [11] 90.624 99.271 0.948
Ours 88.500 98.372 0.932

5. Concluding Remarks

In this paper, we propose a novel LIDAR enrichment technique by using a multi-frame
fusion strategy. We first proposed the concepts of spatially adjacent frames (SAF) and
temporal adjacent frames (TAF). Then we show that both SAF and TAF are essential for
moving point identification, and only SAF is useful for LiDAR data enrichment.

Experiments are performed on publicly available SemanticKITTI dataset, and com-
pared with state-of-the-art approaches. Results show that the proposed method outper-
forms most previous methods, and performs on par with a recently proposed method [11].
Compared to these previous approaches, the proposed method is the only approach that
can run in real-time for online usage.

Enriching the sparse LiDAR point cloud has many potential usages. Previous work
has shown that the enriched point clouds can improve the performance of LiDAR odom-
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etry [8], object detection [32], or semantic segmentation [33]. However, most of these
previous works adopt learning-based strategies and try to enrich LiDAR data from a single
frame. In this paper, we emphasize that in the context of autonomous driving, each single
frame is just a local snapshot of the environment. As LIDAR moves with the SDV, multiple
snapshots can be obtained. If these local snapshots can be properly assembled, a dense
representation of the environment can naturally be obtained. Therefore, we should not
limit ourselves to processing a single frame, but should process multiple frames. Another
advantage of processing multiple frames is that we can ensure the stability of the environ-
ment perception module, that is, the environment perception results should be consistent
between consecutive frames. This stability or consistency is a key enabling factor for the
stable and smooth control of SDV.
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